ABSTRACT
Methane (CH 4 ) is a potent but short-lived greenhouse gas (GHG) that is emitted from a variety of 27 natural and anthropogenic sources 1 . Lowering CH 4 emissions is an important part of California's 28 climate goals to reduce GHG emissions by 40% to 80% by 2030 and 2050, respectively 2 . While 29 anthropogenic CH 4 has agricultural, waste management and oil and gas sources, emissions from 30 the natural gas (NG) sector appear particularly important in urban areas where gas is consumed. 31
Three atmospheric studies using other trace gases for source apportionment have found that 32 natural gas sources may constitute 20-100% of regional CH 4 emissions from urban areas 3, 4, 5 . In 33 this respect, NG emissions pose a potentially important challenge for successfully implementing 34 (
1) 101
In this study, we used a commercial blower door system (The Energy Conservatory Inc., DG-102 1000) to ventilate (~ 10 air changes per hour) and depressurize the house (~ -50 Pa at the blower 103 door), opening all interior doors, and applying small box fans in hallways to increase air mixing 104 between locations with gas appliances to the blower door exhaust. CH 4 was measured with a 105 portable total CH 4 /CO 2 gas analyzer (Los Gatos Research, UGGA). The analyzer had a typical 106 CH 4 measurement precision of ~ 0.3 ppb for data collected at 1 sample per second, with both the 107 CH 4 and CO 2 volumetric mixing ratios reported in total (moist) air. Indoor and outdoor 108 measurements were alternated every 2 minutes using a solenoid valve controlled by the analyzer. 109
The time response of the instrument and sample tubing was measured to have a 1/e response time 110 excluding the 1 st minute after each valve switch. Uncertainty in leak rate, L, was estimated by 112 standard propagation of measurement uncertainties in Q, and (C i -C o ). 113
As a test of the instruments and mixing, we also conducted a controlled CH 4 release test for each 114 house. We released 5 ± 0.6 g CH 4 /day of CH 4 at a location roughly 5 m from the blower door 115 and measured the step response of the indoor CH 4 enhancement (C i -C o ). The CH 4 was released 116 for 10-15 minutes using 3.9 ± 0.1 % CH 4 in air from a compressed gas cylinder through a 117 regulator at a flow rate of 125 ± 15 sccm (standard cubic centimeters per minute), set using a 118 calibrated rotometeric (ball gauge) flow meter (where we note 1 sccm CH 4 = 1.03 g CH 4 /day). 119
We note the uncertainty in the flow rate was estimated from typical drifts in the flow meter 120 reading over time under experimental conditions. In practice, the estimated total CH 4 emissions 121 due to the combination of the house and the additional source, L house+cal , was estimated using Eq. 122 1, and the additional leak was then estimated from the difference as L cal = L house+cal -L house . In 123 the analysis section below, we examine the sensitivity of the distribution of whole-house results 124 to cases where L cal differs from the known value. Here, we note that while the depressurization 125 will gather air containing CH 4 leaks in portions of the house with ventilating air flow, it is 126 possible that leaks occurring in de-coupled spaces with little or no induced air flow (e.g., a crawl 127 space or pipes outside the house) will be underestimated with this technique. 128
In addition to the 75 homes study, we re-examined 7 whole-building measurements of 13 CH 4 129 isotope ratios measured in a previous study 10 that provide supporting evidence that the majority 130 of those whole-building CH 4 enhancements are from natural gas sources (see Supplement S2 for 131 details). 132 operating gas appliances or pilot lights) in each of the 75 homes. CH 4 emissions were estimated 135 as the product of the fractional enhancement in CH 4 relative to enhancement of CO 2 in exhaust 136 gas, ΔCH 4 :ΔCO 2 , and the measured volumetric gas consumption rate, Q g , as 137
138 where ΔCH 4 :ΔCO 2 = (CH 4exh -CH 4bg )/(CO 2exh -CO 2bg ). Subscripts "exh" and "bg" refer to 139 concentrations of CH 4 and CO 2 measured in exhaust and background air, respectively, and Q g is 140 estimated from repeated gas meter readings. Combustion measurements were made using the 141 same portable gas analyzer used for whole-house measurements. Except for pilot lights (which 142 use have much lower instantaneous gas flow than operating appliances and were not switched on 143 and off), the gas use during operation was measured separately for each operating appliance. 144
Each appliance was operated for 10-15 minutes, allowing a few minutes to reach equilibrium 145 before the measurement. Exhaust gas was measured at a point of where CO 2 was elevated to 146 between ~ 400 and ~ 20,000 ppm above background, and background air was sampled from 147 within the space providing air to the appliance. Adjusting the sample location of exhaust air 148 allowed the measurement to be accurate (within ~ 5-10%) even for low appliance types before calculating emissions from operating appliances. As described below, 159 both the whole-house emissions and the appliances are measured to have non-Gaussian 160 distributions with a large number of near-zero values and a small number of high values that 161 result in long-tails. To capture the effect of the non-Gaussian distributions, probability 162 distributions (i.e., posterior distributions) are first estimated from the measurements using a 163
Bayesian method (see Supplement S3 for details) and then samples from the inferred posterior 164 distributions are used to generate central estimates and confidence intervals for CH 4 emissions 165 from whole-house and major appliances. Then, state-wide totals for whole-house emissions and 166 combustion appliances, and total residential NG CH 4 emissions, are estimated by resampling the 167 above distributions as uncorrelated random variables, with linear additive corrections for smaller 168 appliance types with small estimated emissions. 169
Estimation of Statewide Whole-House Quiescent Emissions 170
We estimate statewide house leakage CH 4 emissions by multiplying the inferred whole-house 171 quiescent leakage rate from our measurements by the number of housing units in California. We 172 use the number of housing units from the Population and Housing Estimates for Cities, Counties, 173 and the State dataset prepared by California Department of Finance 13 . We use the total number of 174 housing that is categorized as "Occupied". The total number of occupied housing units using 175 natural gas is 12.2 million units for 2016, when a vacancy rate of 7.5% from the CDF dataset is 176 applied. This housing total estimate includes both single detached (65%) and multi-family (35%) 177 pilot lights, and so we estimate pilot light NG use and their likely contribution to whole-house 179 CH 4 emissions separately as described below. 180
Estimation of Statewide Emissions from Combustion Appliances 181
We estimate CH 4 emissions from appliances by combining NG consumption with the 182 (non-detection) to a maximum near 37 gCH 4 /day, with median and mean values of 2.1 and 4.6 240 gCH 4 /day, respectively. The distribution of the data is clearly non-Gaussian with a long tail that 241 will be characterized in the following analysis section. As described in the methods, we removed 242 10 whole-house measurements where the estimated calibration CH 4 release did not match the 243 the central value and 5 and 95% statistics were indistinguishable with those obtained using all 245 data. As noted above, field technicians inspected pipe fittings near readily accessible house 246 appliances, but we find that whole-house leakage does not vary significantly with the small 247 number of detected pipe leaks. Thus we suspect the leak testing may underestimate the actual 248 number of pipe leaks in some homes. Whole-house leakage did not vary significantly (p< 0.1) 249 with the number of NG appliances for all houses, but houses with emissions greater than 5 250 gCH 4 /day showed a marginally significant (p = 0.21) increase with number of appliances. 251
Distribution of Combustion Appliance Emissions 252
Emissions from steady operation of two combustion appliances were measured in most of the 75 253 homes. Summary statistics for valid emission measurements by appliance type are shown in 254 Table 1 . Less than ½ of the measurements (1 of 6 furnaces, 16 of 56 domestic water heaters, and 255 23 of 51 stovetops) had ΔCH 4 :ΔCO 2 enhancements greater than zero as indicated by Ntot, and 256 Nzero, respectively. Here, the cases identified as zeros had either no measurable CH 4 257 enhancement or showed CH 4 depleted in the exhaust gas relative to air supplying the appliance, 258
indicating that the flames consumed part of the CH 4 present in the supply air. All tankless water 259 heaters exhibited ΔCH 4 :ΔCO 2 enhancements greater than zero, but with low values ranging from 260 0.05 to 0.1 % (see Supplement S2 for additional results of detailed tankless water heater 261 measurements). 262
For the cases with positive ΔCH 4 :ΔCO 2 enhancement during steady operation, values generally 263 ranged between 0.015% and 0.5%, with a few higher values ranging from 1-3% for tank heaters, 264 stovetops, and wall heaters. Furnaces were an exception, with only one non-zero value of 0.03% 265 part of a previous CEC study 10 . Based on the low values in the small number of furnaces 267 measured, we assume space-heating emissions from forced air furnaces contribute only a small 268 amount of CH 4 in the state-wide analysis described below. For the stovetops and domestic water 269 heaters, we note that there was no significant relationship between the measured ΔCH 4 :ΔCO 2 270 enhancement ratios and appliance age. 271
Pilot light flames all exhibited measurable ΔCH 4 :ΔCO 2 enhancement ratios. Because the number 272 of total pilot light measurements was small, the distributions of water heater and furnace pilot 273
lights cannot be distinguished. Grouping them together yields mean and median ΔCH 4 :ΔCO 2 274 enhancement ratios of 0.059% and 0.065%, and standard deviation 0.03%, respectively. Based 275 on these results, we include pilot lights as a separate category of combustion appliance and 276 evaluate their importance for California's total residential CH 4 emissions below. 277 
Statistical Estimation of California Emissions

Emissions from Quiescent House Leakage Including Pilot Lights 279
We estimate CH 4 emissions from quiescent house leakage and pilot light emissions in California 280 as the product of the distribution estimated above and the 12.2 million occupied California 281 residences using NG. Figure 3 From Table 4 , the mean ΔCH 4 :ΔCO 2 ratio for pilot lights is ~ 0.6 ± 0.3% . Combing these 299 factors for each appliance category, we estimate total NG consumed by pilot light emissions are 300 roughly 4.7 (3-10) Gg CH 4 /yr, where the uncertainty is assumed due to uncertainty in NG 301 consumed by pilots and the ΔCH 4 :ΔCO 2 ratio. This suggests that a roughly 25% of the estimated 302 whole-house leakage may be due to pilot lights, though the fraction is quite uncertain. We note 303 that under these assumptions, NG consumption from all pilot lights is ~ 740 Gg CH 4 /yr, and is 304 subtracted from the NG consumption by appliance class before estimating NG from operating 305 appliances below. 306 Figure 4 shows the posterior distributions for the estimated mean ΔCH 4 :ΔCO 2 ratios for 308 operating stovetops and domestic water heaters with tanks (which comprise the majority of the 309 to have roughly double the ΔCH 4 :ΔCO 2 ratio of domestic water heaters in steady operation. 311
Emissions from Residential Combustion Appliances 307
Total CH 4 emissions estimated by appliance types are summarized in Table 2 . The largest single 312 category is emissions from domestic water heating which totaling 5.4 (2.1 -19.1) Gg CH 4 /yr (at 313 95% confidence). For comparison, emissions from cooking are estimated to be 1.6 (0.5 -6.6) Gg 314 CH 4 /yr. We note that although the mean ΔCH 4 :ΔCO 2 ratio is higher for the stovetops (mode = 315 0.0038) than for the water heater (mode = 0.0017), the NG usage for the cooking is only ~ 14% 316 of that of the water heating. Estimating emissions from joint MCMC sampling of water heating 317 and cooking together yields emissions of 7.5 (3.3 -22.7) Gg CH 4 /yr. Here, we note that joint 318 sampling of the sum of water heating and cooking is not equal to the sum of individual sampling 319 results. 320
The other appliance types are estimated to have comparatively much smaller emissions 321 (furnaces, spas, etc.). Here, we use the lower 25% and upper 75% estimates for ΔCH 4 :ΔCO 2 ratio 322 together with gas consumption to estimate the central value as the geometric mean of the lower 323 and upper estimates. For example, this results in estimated emissions of 0.4 (0.04 -1.1) Gg 324 CH 4 /yr for space heating. Here, we also note that in areas where a significant fraction of space 325 heating is done with inefficient heaters (e.g., wall furnaces), these emissions will likely be 326 higher. Emissions from spa/hot tubs, and clothes driers are estimated to contribute small but 327 uncertain amounts to the combustion related emissions. Lacking better information, we sum 328 emissions for these classes linearly with a total estimate of 1.1 (0.4 -3.4) Gg CH 4 /yr for space 329 heating, pools and spas, and clothes driers together (see Table 2 ). 330
Discussion
331
house leakage and operating combustion appliances combining MCMC emission samples from 333 these two sectors ( Figure 5 ). Including the additional emissions from minor appliances, total CH 4 334 emissions from residential sector NG consumption is 35.7 (21.7 -64.0) Gg CH 4 /yr (and 0.9 (0.5 335 -1.6) Tg CO 2 eq, using the global warming potential of 25 gCO 2 eq/gCH 4 adopted by the CARB 336 GHG inventory), equivalent to 0.5% (0.3 -0.9%) of residential consumption. This is equivalent 337 to roughly 15% of estimated the California inventory for NG related CH 4 emissions (6.4 Tg 338 CO 2 eq), and 2% of total inventory CH 4 emissions (39.6 Tg CO 2 eq) in 2015 (CARB, 2017). In 339 terms of cost to consumers, if a 0.5% of California's residential NG gas consumption is emitted 340
at an average price of ~ $12/Mcft in 2015, the economic value of lost gas is approximately $30 341 million/yr that could be applied to reducing sources of post-meter CH 4 emissions. 342
Comparing these results with atmospheric studies, work in the San Francisco Bay Area found 343 between 0.3-0.5% (95% confidence interval) of NG CH 4 delivered to customers is emitted to the 344 atmosphere 5 , which is nominally consistent with the residential estimate if before-meter 345 distribution leakage is comparatively small and/or the emitted fraction of NG used in other 346 sectors (e.g, commercial buildings, and industrial activities) are smaller than that for the 347 residential sector. In study a different atmospheric study of Los Angeles, NG CH 4 emissions of 348
1.6 ± 0.5% of gas delivered 4 , suggesting post-meter residential emissions are unlikely to 349 dominate CH 4 emissions in that area. Last, results from an atmospheric study of Boston 3 found 350 emissions of 2.7 ± 0.6 %, which is nearly 5 times larger than our residential estimate, suggesting 351 These findings suggest that CH 4 emissions from residential buildings can be reduced through a 369 combination of inspection and repair of gas leaks, particularly regular checks for unlit pilot 370 flames, but also leak testing readily accessible pipe-fittings (e.g., at point of sale or during energy 371 retrofits), and improved ignition and combustion efficiency for gas appliances. 
